The tin could be effectively removed from tin-bearing iron concentrates through roasted with sulfurbearing stone coal reported in previous researches, and the Sn volatilization ratio was obviously influenced by the amount of sulfur-bearing stone coal used. The reactivity of sulfate (FeSO 4 ) in sulfur-bearing stone coal on the reduction and sulfurization behavior of cassiterite (SnO 2 ) in tin-bearing iron concentrates was studied in this paper. The thermodynamic analysis and experimental results showed that Fe-Sn spinel was formed with the increase of FeSO 4 amount during the roasting process, and it resulted in the tin volatilization ratio being relatively low (a maximum of 61.87%). Furthmore, the EPMA analysis indicated that the Fe-Sn spinel was mostly concentrated in the upper layer of the roasted residues, and these tin could be further removed and recovered by a physical separation process.
Introduction
Tin-bearing iron ore, with the total reserve over 0.5 billion tons, is recognized as one of typically complex iron ore resources in China. 1, 2) However, the tin content in this iron ore is in excess of 0.08 wt.%, and it can't be used as ironmaking burdens directly. 3, 4) Many investigations were conducted to the tin removal. The method of tin-bearing iron ores treated by a joint physical separation process of grinding, reselection, magnetic separation and flotation could not obtain qualified iron concentrates. The tin content in the iron concentrates after treated was more than 0.13% which was still in excess of the limitation of 0.08%. 5, 6) The embedded tin could be effectively separated if selective sulfurization, reduction or chlorination roasting were performed, but the disadvantage including equipment corrosion, environmental pollution, and reaction atmosphere hard to control was also apparent. 4, [7] [8] [9] A method using sulfur-bearing stone coal to remove the excessive tin has been successfully performed on the laboratory level by the authors' group.
10) It is especially noteworthy that the Sn volatilization ratio has an obvious fluctuation with the variation of sulfur-bearing stone coal amount during the roasting process. In addition, previous studies have suggested that the sulfur occurs in inorganic and organic forms in sulfur-bearing stone coal. 11, 12) The inorganic sulfur is mostly pyrite and sulfates, and the organic sulfur is usually categorized, such as mercaptans, sulfones, aliphatic and aryl sulfides, sulfoxides, disulfides and thiophenes. 13, 14) It is necessary to determine the effect of sulfur in different forms on the reduction and sulfurization behavior of tin phases. The tin could be sulfurized and removed effectively by SO 2 in presence of organic sulfur 10) and by S 2 and FeS in presence of pyrite. 15) However, few researches paid attention to the reactivity of sulfates when roasted with tin-bearing iron concentrates.
The major objective of this research was to investigate the effect of sulfates on the reduction and sulfurization behavior of tin phases in tin-bearing iron concentrates, and determine the tin phase transformation by using physicochemical analysis, XRD and EPMA.
Materials and Methods

Materials
The tin-bearing iron concentrate used in this study was collected from an ironmaking plant in Yunnan province, China. Chemical composition (wt.%) of it is depicted in Table 1 . Table 1 shows that the iron grade (TFe) is 65.16 wt.% and tin content is 0.16%, and this concentrate can't be used as ironmaking burdens directly. "Others" in Table 1 Figure 2 also shows that this concentrate mainly contains hematite and magnetite, and minor amounts of cassiterite are embedded in iron phases at every size fraction.
Characterization
FactSage 7.0 software was used to calculate the phase diagram of this reaction system. The criterion used for this calculation was the minimization of the Gibbs free energy according to two hypotheses.
16) The first hypothesis was that all of the input substances were considered to be ideal substances, and two or multiple substances were assumed to be completely mixed when they were defined as the same phase. The second hypothesis was that the initial system would finally reach equilibrium.
Chemical composition and mineralogy of the samples were characterized by physicochemical analysis and electron microprobe (EPMA) respectively. All of the sample phase compositions were detected by an X-ray diffraction (Rigaku D/max-3B) with a Cu-Kα radiation. Spectra were registered between 10° and 90° with a step of 8° and per step of 1 minute. Mathematical expression of the Sn volatilization ratio was defined as:
Where, M 0 stands for the mass of original sample, W 0 for the percentage composition of Sn in original sample, M T for the mass of roasted residue, W t for the percentage composition of Sn in roasted residue. After roasted, the "M T " is obtained by subtracting the crucible mass from the total mass of roasted residue and crucible, and the "W t " is characterized by iodimetry after the roasted residue being well-mixed.
Theoretical Basis
It has been confirmed by many studies that the magnetite markedly affected the tin volatilization and SnO 2 transformation under CO-CO 2 atmospheres. Fe-Sn spinel was easily formed during the reduction process, and a higher temperature promoted this formation. 17) Based on the research of E. de WILDE et al., 18) FactPS and FToxid databases of the FactSage is suitable for calculating the phase transformation in reaction system containing spinel phases. Therefore, FactPS and FToxid databases of the FactSage were used to calculate the ternary diagram of SnO 2 -C-FeSO 4 system at 1 200°C and 1 atm pressure of shielding gas, 19) and the result is shown in Fig. 3 . "Spinel" in Fig. 3 [6-] , and the "gas" mainly refers to SO 2 , SO 3 , CO 2 , CO and The purity of SnO 2 , C and FeSO 4 samples used in the test purchased from Tianjin Kemio Chemical Regent Ltd. was higher than 99.99 wt.%.
Methods
In the previous study, the tin could be effectively removed (Sn volatilization ratio > 90%) from tin-bearing iron concentrates by roasted with 70 wt.% sulfur-bearing stone coal under the conditions of N 2 atmosphere, roasting temperature of 1 200°C, residence time of 60 min and particle size minus 0.0750 mm.
10) The tin-bearing iron concentrate was firstly mixed with sulfur-bearing stone coal, grounded to minus 0.0750 mm, placed in a crucible, and then roasted in a tube furnace for a certain time under N 2 flow rate of 60 ml/min. It is difficult to determine the reactivity of sulfates in the sulfur-bearing stone coal for a low content. Mixtures of tin-bearing iron concentrates, C and FeSO 4 in diverse mole ratios were blended and roasted under N 2 atmosphere to investigate the reactivity of sulfates according to the same experimental method as described above.
SnS etc. The points "A", "B", "C", "D", "E", "H", "I", "J", "K", "L", "M", "N" and "O" in Fig. 3 show the mole fractions of SnO 2 , C and FeSO 4 for the research scope in this section. It can be observed that with the increase of SnO 2 , FeS(liq) gradually vanishes and redundant SnO 2 remains in the products. Spinel appears owing to the amount of FeSO 4 , and the C seems to have little effect on the phase transformation in the research scope.
To verify the validity of Fig. 3 , some mixtures of SnO 2 , FeSO 4 and C were roasted in proper conditions and further roasted residues were collected for analysis. The XRD patterns of roasted residues with different SnO 2 , FeSO 4 and C mole fractions are presented in Figs. 4, 5 and 6, and the raw material proportions for samples "A"-"O" in these three figures correspond to points "A", "B", "C", "D", "E", "H", "I", "J", "K", "L", "M", "N" and "O" in Fig. 3 respectively. Figure 4 shows that the main product is Fe 3 Figure 6 shows that the phase composition is almost unchanged with the increase of C amount, which essentially agrees with the result in Fig. 3 . From a comparison of phase compositions in roasted products of "A", "B", "C", "D", "E", "H", "I", "J", "K", "L", "M", "N" and "O" calculated by FactSage and those from XRD, it can be inferred that using FactSage to calculate the phase transformation during roasting process is appropriate.
Results and Discussion
Effects of Roasting Temperature and Time
Under N 2 flow rate of 60 ml/min, residence time of 60 min, FeSO 4 addition amount of 15.00 wt.% and C addition amount of 1.6 wt.% (FeSO 4 /C mole ratio of 0.75), five roasting temperatures of 800.0, 900.0, 1 000.0, 1 100.0 and 1 200.0°C were chosen for studying the effects on tin removal rate from tin-bearing iron concentrates.
The Figure 7 shows the standard Gibbs free energy changes of these reactions in temperature range of 800-1 200°C. As shown in Fig. 7 , all reactions can proceed spontaneously above 950°C. Though all these reactions proceed when the partial pressure of all gas species is 1 in Fig. 7 which is not the case for the experiment, the reaction products in all reactions contain gaseous phase which can be carried out easily from the experiment system and promote all the reactions to carry deeper. Temperature has an effect mainly on vapor pressure of volatile specie SnS, and it increases with temperature (Fig. 8) . Figure 8 also shows that the SnS vapor pressure is relatively high with temperature above 1 000.0°C, meaning that the Sn could be removed effectively in the form SnS during the roasting process. In addition, the formation of SnS is also promoted at a higher temperature. Figure 9 shows that the tin removal rate increases slightly with temperature from 800.0 to 900.0°C (1)- (14) due to a less SnS formation and volatilization at a relative low temperature, and then presents an obvious increase with temperature further increase. In order to remove tin as much as possible, roasting temperature is fixed at 1 200.0°C. Figure 4 shows that there no Fe-Sn spinel is formed when the SnO 2 mole fraction is lower than 5% at FeSO 4 /C mole ratio of 0.75, causing the formation and volatilization of SnS are promoted with prolonging residence time. As a result, the tin removal rate remains nearly constant in the primary 20 min, and then increases gradually to 53.14% and 55.37% with residence time of 60 min and 80 min respectively in Fig. 10 . Considering the process energy consumption and tin removal rate, residence time of 60 min is appropriate.
Effects of FeSO 4 Amount
The FactSage 7.0 was used to calculate the equilibrium of Sn-containing phases in roasted products in Gibbs free energy minimization under isothermal, isobaric and fixed mass conditions. Required data for computation were taken from FactPS database of the programme.
In Equilib program of FactSage, With C addition amount of 1.6 wt.%, mixtures of tinbearing iron concentrates and FeSO 4 at different mass ratios were roasted at 1 200°C for 60 min. When FeSO 4 addition amounts increase, reactions (1), (2), (3), (12), (13) and (14) are promoted, which results in the formation and volatilization amounts of SnS increase in a certain time (see Fig. 11 ). As a result, the tin removal rate increases with FeSO 4 amount from 5.00 to 25.00 wt.% in Fig. 12 . However, the maximum tin removal rate is only 61.87%, which is mainly due to the formation of spinel under these conditions reported in Fig. 3 and it restricting the Sn volatilization. 17) The points "A", "P", "Q", "R" and "S" in Fig. 3 refer to FeSO 4 addition amount of 5.00, 10.00, 15.00, 20.00 and 25.00 wt.% respectively in this section. After the concentrate roasted with FeSO 4 amount of 25.00 wt.% and C amount of 1.60 wt.% at 1 200°C for 60 min, the tin content in the roasted residue is decreased to 0.042%, meeting the limitation of 0.08 wt.% for tin content in iron concentrates.
Besides, Fig. 13 shows that the roasted residue forms a bilayer structure when the tin-bearing iron concentrate was roasted with 15 wt.% FeSO 4 amount and 1.6 wt.% C amount at 1 200°C for 60 min. For ensuring correctness of the tin removal rate in Fig. 12 , the Sn percentage composition in this roasted residue is not characterized until all the upper and lower layer products were mixed for 2 hours. EPMA was used to investigate the main mineral constituents of the upper and lower layer products in Fig. 13 respectively and the results are shown in Figs. 14-16 and Tables 2, 3 . A lot of crystal particles, which are composed of Fe-Sn-O phases deduced from Table 2 , are observed in the morphology of the upper layer (Figs. 14(a) and 14(b) ). Taking into consideration of product theoretical phase composition in Fig. 3 , it can be stated that the crystal particles are Fe-Sn spinel. An EPMA mapping analysis was carried further to detect the Sn distribution in the upper layer and the result is shown in Fig. 15 . Compared to Fig. 2, Fig. 15 indicates that the agglomeration of Sn-containing phases has taken place. Figure 16 and Table 3 show that the lower layer is mainly composed of Fe-O phases, and minor amounts of Fe-O-Si-Ca-S phase are embedded in them. The EPMA mapping result of Sn element in the lower layer is shown in Fig. 17 , which indicates that almost no Sn-containing phase exists in it. The formation of Fe-Sn spinel in the upper layer products is the main reason causing the low tin removal rate in Fig. 12 , which essentially agrees with the result in Fig. 3 . Besides, the tin has been concentrated in the upper layer of the roasted residue and can be further removed and recovered by a physical separation process.
Conclusions
In this study, we investigated a process for reduction and sulfurization of SnO 2 in tin-bearing iron concentrates using sulfates (FeSO 4 ) in sulfur-bearing stone coal under nitrogen atmosphere based on thermodynamic calculation and roasted experiments. It was appropriate that using FactSage to calculate the phase transformation for C-FeSO 4 -SnO 2 reaction system inferred from a comparison of phase composition in roasted products calculated by FactSage and those from XRD. The thermodynamic results indicated that a Fe-Sn spinel was easily formed with the increase of FeSO 4 and SnO 2 amounts during the roasting process, which went against the tin volatilization. Experimental results showed that the tin removal rate increased with roasting temperature, residence time and FeSO 4 addition amount. However, the maximum tin removal rate was only 61.87%, which was attributed to the formation of Fe-Sn spinel confirmed by EPMA analysis. Besides, the tin was concentrated in the upper layer of the roasted residue and could be further removed and recovered by a physical separation process. Table 2 . Elemental analysis of pt1 and pt2 in Fig. 14(b Table 3 . Elemental analysis of pt1 and pt2 in Fig. 16 
